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To date, our cleanest probe of fluctuations in the 
early universe  has been the CMB

• Black body spectrum of 2.7 K with 

• Angular anisotropies                            



What is the information content of the CMB?

• Temperature (T) and polarization (E,B) in each 
direction              `pixels’ in the sky.

• Spectrum of incident photons in a given direction 
(new information only w/ deviations from blackbody).                            



What is the information content of the CMB?

• For T, radio sources and (SZ) clusters start to 
dominate at 

• For E, foregrounds subdominant until
• Damping tail to be measured more precisely 

(Simons, CMB S4…)
• Forecast
• Cosmological measurement of a BSM parameter?                              



What is the information content of the CMB?

• The spectrum itself remains the last unexplored 
dimension of the CMB!

• Access to information not obtainable by other 
means…



CMB spectral distortions 

A pure black body spectrum is 
determined by one number 
alone – its temperature. 



CMB spectral distortions 

Distortions in the spectrum are 
characterized by 



CMB spectral distortions 

COBE/ FIRAS (1990) found 
spectrum consistent with black 
body at  



CMB spectral distortions 

Any injection/ extraction of energy into/ from 
the photon bath that doesn’t thermalize 
efficiently enough before recombination, or 
after last scattering will produce distortions…



CMB spectral distortions 

• Reionization from first stars
• Late time decaying particles
• Axion/photon conversion
• Localized features in small scale 

anisotropies
• Recombination radiation of H, He
• Cosmic string network collapse
• Primordial black holes (Hawking 

evaporation, accretion, primordial 
overdensities)

• + a host of processes within the standard 
thermal history of Lambda CDM 

• …



Reionization `bump’ at
Decaying particles/ small scale features at  

CMB spectral distortions 

(Fig. courtesy J. Chluba)



Recombination lines plausibly observable from the ground 
(cf. APSERA PI: Mayuri Rao @RRI Bangalore)

CMB spectral distortions 

(Fig. courtesy J. Chluba)





CMB spectral distortions and BSM physics I 

Any particles that decay within the window 1𝟎𝟕< z < 1𝟎𝟑 with any 
branching ration to charged particles or photons can result in SD.  

i.e. for lifetimes  1𝟎𝟔 < 𝛕 < 1𝟎𝟏𝟒𝒔

For gravitationally suppressed decays

Gravitinos (already studied), moduli fields, dilatons, KK resonances 
100 GeV – 100 MeV

Constraining power on string/ beyond Standard Model 
phenomenological scenarios   

[Or, a laundry list of projects for anyone with a string/ BSM phenomenological predisposition… if this is you feel free to get in touch!]



CMB spectral distortions and BSM physics I 

(Fig. courtesy J. Chluba and D. Jeong)

[Or, a laundry list of projects for anyone with a string/ BSM phenomenological predisposition… if this is you feel free to get in touch!]



Outline 

• An overview of basic physics of spectral distortions

• The different types of spectral distortions

• Dissipation of scalar modes; 

• Dissipation of tensor modes;  

• SDs as a stochastic GW background detector in the sky

• Constraints on various phenomenological scenarios

• Experimental concepts/ proposals on the table



Spectral distortions primer 

A black body spectrum is entirely characterized by one number, T:

Since               in thermal equilibrium, any injection of photons into 
the primordial plasma must be distributed according to                 in 
order to shift the temperature to 

If this is not true, distortions in the spectrum will result…
There are two `main’ types of distortion:    - distortions;

… important at z > 50,000, when Compton scattering is efficient



Spectral distortions primer 

A black body spectrum is entirely characterized by one number, T:

Since               in thermal equilibrium, any injection of photons into 
the primordial plasma must be distributed according to                 in 
order to shift the temperature to 

… and y-distortions;
important at z < 50,000
(scattering is inefficient)

Fig. courtesy Sunyaev and Zeldovich



Spectral distortions primer 

A black body spectrum is entirely characterized by one number, T:

Since               in thermal equilibrium, any injection of photons into 
the primordial plasma must be distributed according to                 in 
order to shift the temperature to 

… and y-distortions;
important at z < 50,000
(scattering is inefficient)

Chluba, Hamann, Patil (2015) 



Spectral distortions primer 

In the early universe, brehmsstrahlung and double Compton 
scattering affect the number of photons:



Spectral distortions primer 

… whereas regular Compton scattering redistributes photons in phase space 

For z > 10^6, Compton scattering is very efficient, thermalization is rapid. 



Spectral distortions primer 

Given an energy release history, can compute the distortion of the spectrum via 
a `thermal’ Green’s function formalism  

Fig. from Chluba, Hamann and Patil (2015)



Dissipation of scalar modes  

Longitudinal perturbations in photon fluid dissipate due to free streaming and 
scattering (cf. the angular power spectrum if Silk damping didn’t occur)

(Fig. courtesy W. Hu and M. White)



Dissipation of tensor modes  

Whereas tensor perturbations dissipate mainly through just free streaming: 

Chluba, Dai, Grin, Amin and Kamionkowski (2014)



SDs probe small scale scalar power  

Chluba, Kogut, Patil et al. (2019)



SDs probe tensor power  

Spectral distortions can probe stochastic gravitational wave backgrounds at 
frequencies inaccessible to other probes (!) 

(Fig. from Kite et al, 2010.00040)



SDs probe tensor power  

Spectral distortions can probe stochastic gravitational wave backgrounds at 
frequencies inaccessible to other probes (!) 

(Fig. from Kite et al, 2010.00040)



Spectral distortions and BSM physics II  

Need to account that for some scenarios, GWs are produced on sub-horizon scales

(Kite et al, 2010.00040)



Spectral distortions and BSM physics II  

Ultra-light “audible” axions 

Global U(1) broken at
When              at
axion oscillations produce dark 
photons that source chiral GW’s:  

(Kite et al, 2010.00040)

Machado, Ratzinger, Machado, Stefanek; arXiv:1912.01007 



Spectral distortions and BSM physics II  

First order phase transitions beyond the SM
Three sources of GWs: bubble wall collisions, MHD turbulence and sound waves 

(Kite et al, 2010.00040)

Cf. review by Caprini and Figueroa; arXiv:1801.04268 



Spectral distortions and BSM physics II  

Cosmic string network collapse:

Leptogenesis via a B-L U(1) phase
transition in an SO(10) GUT theory.

GWs produced by the subsequent
collapse of the string network.

(Kite et al, 2010.00040)

arXiv:1801.04268; Buchmuller, Domcke, Murayama and Schmitz 







• Calibrating spectrometer to accompany 
an imager?

• Novel experimental concepts 
(radiometers on chip instead of FTS)?

• Foregrounds issues not insurmountable!

• What signal to target/ optimize mission 
design?

• Spectrometer on the moon?

• Go big or go home.



Mission concepts: beyond FTS 

Photo courtesy of NASA (radiometer for Jason 
atmospheric satellite)

• μ – distortions easier to distinguish at low frequencies.

• Foregrounds (galactic synchrotron) persistent there.



Mission concepts: beyond FTS 

Photo courtesy of NASA (radiometer for Jason 
atmospheric satellite)

• μ – distortions easier to distinguish at low frequencies.

• Foregrounds (galactic synchrotron) persistent there.

• Need better sensitivty and more frequency channels. 

• FTS: loss of sensitivty from binning (PIXIE)

• Radiometers don’t suffer from this because one can
make serial measurements. 

• However, size … increases cost.   



(SO)FTS + calibrator on chip (!) 

Slide courtesy of Ritoban Basu Thakur (JPL/ Caltech)



Concluding remarks  

• Spectral distortions can probe both scalar and tensor (and vector) 
perturbation dissipation in the primordial plasma.

• Sensitivity to residual `r’-type distortions can probe energy release 
history.

• A complimentary probe of physical processes at scales inaccessible 
by other means.

• GW detector at frequencies not possible by other probes.

• Many BSM scenarios can be further (already?) constrained by SD.

• Future observational endeavors need your support!


